The microRNA-34 family (miR-34a, -34b and -34c) have been reported to be tumor suppressor microRNAs (miRNAs) that are regulated by the TP53 and DNA hypermethylation. However, the expression, regulation, and prognostic value of the miR-34 family have not been systematically studied in colon cancer. To elucidate the roles of miR-34 family in colon carcinogenesis, miR-34a/b/c were measured in tumors and adjacent noncancerous tissues from 159 American and 113 Chinese colon cancer patients using quantitative RT-PCR, and we examined associations between miR-34a/b/c expression with TNM staging, cancer-specific mortality, TP53 mutation status and Affymetrix microarray data. All miR-34 family members were significantly increased in colon tumors, counter to the proposed tumor suppressor role for these miRNAs. Increased miR-34b/c were observed in more advanced tumors in two independent cohorts and increased expression of miR-34b/c was associated with poor cancer-specific mortality. While the expression of miR-34 family was not associated with TP53 mutation status, TP53 transcriptional activity was associated with miR-34a/b/ c expression that is consistent with the proposed regulation of miR-34a/b/c by TP53. To examine where the miR-34 family is expressed, the expression of miR-34 family was compared between epitheliums and stromal tissues using laser microdissection technique. The expression of miR-34b/c was increased significantly in stromal tissues, especially in cancer stroma, compared with epithelial tissue. In conclusion, increased miR-34b/c predominantly expressed in stromal tissues is associated with poor prognosis in colon cancer. MiR-34 may contribute to cancer-stromal interaction associated with colon cancer progression.
Introduction
University of Maryland. All participants provided their written informed consent to participate in this study, and the consent procedure was approved by the Institutional Review Board.
RNA isolation and quantitative reverse transcriptase-PCR
RNA from frozen tissue samples and cell lines was extracted using standard TRIZOL (Invitrogen, Carlsbad, California) methods. RNA was reverse-transcribed using TaqMan MicroRNA Reverse Transcription Kit for miRNA assay (Applied Biosystems, Foster City, California). Quantitative-PCR of microRNAs was performed using TaqMan assays (Applied Biosystems, Foster City, California) according to the manufacturer's instructions with the 7900 HT RealTime RT-PCR System (Applied Biosystems, Foster City). All assays were performed in triplicate. All TaqMan probes were purchased from Applied Biosystems; hsa-miR-34a-5p (Assay ID: 000426), hsa-miR-34b-5p (ID: 000427), hsa-miR-34c-5p (ID: 000428), RNU66 (ID: 001002). All microRNAs were normalized to RNU66 using the -ΔCt method. MicroRNA expressions were further normalized against the average expression of nontumor for each micro-RNA for each cohort separately with the following equation, [-ΔCt (average nontumor) ]-[-ΔCt (sample) ]. This sets the average nontumor expression = 1, with the log2 nontumor expression = 0.
Affymetrix mRNA array and Ingenuity Pathway Analysis (IPA)
RNA from 56 tumors from the American cohort were analyzed on Affymetrix U133A mRNA microarrays. Array data was imported and RMA normalized using Partek Genomic Suites 6.6. Data is publically available at (GSE44861). The average expression of miR-34b and miR-34c was used to analyze the association of miR-34b/c expression and global mRNA expression. Ingenuity Pathway Analysis (IPA 8.0, Redwood city, CA) was performed to identify molecules and pathways potentially involved with the expression of miR-34 family.
Laser microdissection
For Laser microdissection (LMD), 5 pairs of frozen tumor and non-tumor tissues were randomly obtained from the American cohort. Seven micron frozen sections for each tissues were placed on the PEN membrane slides (Leica Microsystems). Sections were fixed in 75% ethanol for 1 min, stained with Nuclear fast red for 2min, and dehydrated in a graded series of ethanol and xylen. Slides were air-dried and then microdissected using the LMD6000 system (Leica Microsystems). Microdissected epithelial and stromal cells from tumor and non-tumor tissues were collected directly into Qiazol, and total RNA was isolated using the RNeasy Micro kit (Qiagen) according to the manufacturer's instructions. qRT-PCR was performed as described earlier.
Statistical analysis
Relative expression quantitation of microRNA was calculated with RQ manager 1.2 (Applied Biosystems). Expression values were used to analyze differences in microRNA expression between tumors and adjacent non-tumor tissues for all qRT-PCR data using Graphpad Prism v5.0 (Graphpad Software Inc, San Diego, California). Wilcoxon matched-pairs tests were used to compare microRNA expression between tumors and paired nontumor tissues. All trend tests reported are Cuzick nonparamtric test for trend across ordered groups [21] and were performed using Stata 9.2 (StataCorp LP, College Station, Texas). Kaplan-Meier analysis was performed using Graphpad Prism v5.0. All p values were 2-sided and statistical significance was set at p<0.05.
Results
This study used two independent cohorts of colon cancer patients, one consisting of 159 cases recruited from Maryland and the second cohort of 113 cases recruited from Hong Kong, China ( Table 1 ). The median follow-up times were 90.3 and 84.6 months for patients in the American and the Chinese cohorts, respectively. The cohorts were similar in TNM staging, tumor histology and cancer-specific mortality. The 5-year survival rate was 46.4% for the American cohort and 49.6% for the Chinese cohort and were not significantly different from one another (P = 0.36, Kaplan-Meier test). In addition to the racial, geographic and cultural differences between these 2 cohorts, the American cohort was considerably older (average 66.2 years vs 55.8 years) had a higher percentage of men (71% vs 50%). The Chinese cohort had a higher percentage of tumors located at distal colon (80% vs 20%). TP53 mutation evaluated by immunohistochemistry was detected in 50.6% of the American cohort and 51.8% of the Chinese cohort. MiR-34a, -34b and -34c are increased in colon cancer, and increased miR-34b/c is associated with advanced tumors and poor prognosis
We performed TaqMan qRT-PCR of miR-34a, miR-34b and miR-34c in colon tumors and adjacent non-tumor tissues from both the American and the Chinese cohorts. Unexpectedly, The expression of these 3 miRNAs was significantly increased in tumors compared to non-tumor tissues in both cohorts (Fig 1A and 1B) . These increases were relatively small, but highly significant. In the US cohort, the fold-change increase was 1.42, 1.27 and 1.25 for miR-34a, -34b and -34c respectively. In the Chinese cohorts, the fold change increase was 2.26, 1.64 and 1.40, respectively. There was no significant association between miR-34a expression and TNM staging (Fig 2A and 2B left panels), while increased miR-34b and -34c were associated with higher TNM staging in both cohorts (test for trend, P<0.05; Fig 2A middle and right panels, P<0.01; Fig 2B middle and right panels). MiR-34b and miR-34c are co-transcribed from a bicistronic transcript and their expression should be highly correlated [9] . In agreement with this, the expression of miR-34b and -34c were highly correlated in both tumors and non-tumor tissues from each cohort (Pearson's correlation r>0.9, P<0.0001; S1A and S1B Fig) . Thus, we used combined miR-34b/c expression into the following survival analysis. The American and the Chinese cohorts were combined to increase the statistical power for this analysis and expression levels for each miRNA were dichotomized based on median values. There was no significant association between miR-34a expression and prognosis (Fig 2C left panel) . On the other hand, colon cancer patients with high expression of both miR-34b and -34c in tumor showed significant poor prognosis (log-rank P<0.05; Fig 2C right panel) . When the survival analysis was performed on each cohort separately, the differences were not statistically significant (S2A and S2B Fig) . In multivariate analysis, miR-34b/c was not significantly associated with survival when adjusted for TNM staging (data not shown).
The association between miR-34 expression and TP53 mutation
Since miR-34a, miR-34b, and miR-34c were each systematically altered in colon tumors, we next attempted to determine possible reasons for this altered expression. Several studies indicate that p53 can bind to the promoter and activate the transcription of miR-34 family [10] [11] [12] . To address this, we examined whether miR-34 expression was associated with TP53 mutational status. TP53 mutational status can be examined either through immunohistochemistry or through direct sequencing. In the present study, the TP53 mutational status was assumed to be 'wild-type' or 'mutant' by immunohistochemical staining of p53 [22] . Contrary to our expectations, the expression of miR-34 family was not associated with TP53 mutational status in either the American and Chinese cohorts (Fig 3A and 3B) . Additionally, TP53 mRNA expression was not associated with miR-34a (R = 0.005, p = 0.97) or miR-34b/c (R = 0.013, p = 0.92) expression based on microarray expression values of TP53 (S1 Table) .
Ingenuity Pathway Analysis (IPA) predicts transcription regulators that potentially associated with miR-34 up-regulation
In order to investigate potential reasons for the altered expression of the miR-34 family, we used Affymetrix microarray data to identify genes that correlated with miR-34a and -34b/c and examined these genes with Ingenuity Pathway Analysis (IPA). MiR-34b/c correlated with 649 genes in Affymetrix microarray data of 56 tumors from the American cohort (S1 Table; P<0.001), and IPA was used to examine this set of genes. Increased expression of miR-34b/c was associated with active transcriptional activity of TP53, SMAD3, CBL, SNAI1, HTT, TWIST1 and CTNNB1 while it was associated with reduced transcriptional activity of MYCN, AHR, SMAD7, MYC, SPDEF and PPARG (Table 2, S2 Table) . Similar analysis on miR-34a expression identified 385 genes that were correlated with miR-34a (S1 Table; P<0.001). Increased expression of miR-34a was associated with increased activity of 48 transcriptional regulators including TP53 and decreased activity of 17 transcriptional regulators (S3 Table) .
The comparison of miR-34 expression between colon epithelium and stroma with laser microdissection (LMD) technique
Altered expression of oncogenic miRNAs in colorectal cancer stromal tissue might be associated with cancer progression [23] . To examine where the miR-34 family is expressed in, we extracted RNA from cancer epithelium, cancer stroma, normal adjacent epithelium and normal adjacent stroma separately using laser microdissection for miR-34 expression analysis (S3 Fig). Five colon tumor and 5 adjacent non-tumor frozen tissue samples were obtained form the American cohort. MiR-34b and -34c expression levels in stroma were significantly higher as compared with that of epithelium in both cancer tissues and in normal adjacent tissues (Fig 4  middle and right panels) . MiR-34a showed similar trend although the differences were not significant (Fig 4 left panel) . We further examined the publicly available microarray dataset (GSE35602), in which miRNA expression profiles of micro-dissected colon cancer stromal and epithelial tissues were analyzed, demonstrating a clear trend of higher miR-34b and -34c expression in cancer stroma (S4 Fig) . This microarray data are consistent with our own qRT-PCR analysis using LMD samples, indicating that miR-34b and -34c are expressed at higher levels in stomal tissues. In addition, we have performed H&E on 82 of the tissues from the American cohort to examine if there was an association with increased stromal area and any of the miR-34 family. There was no significant correlation between tumor/stroma ratio and expression levels of miR-34 (S5 Fig). These findings based on LMD analyses suggest that stromal cells serve the major source of miR-34b/c rather than epithelial cells. Hence, miR-34b/c expression detected in macro-dissected tumor samples (as shown in Fig 1) seems to mainly represent stromal expression of miR-34b/c.
Discussion
In the present study, we demonstrated that: 1) miR-34a/b/c were increased in human colon cancers compared to adjacent non-tumor tissues. 2) Increased expression of miR-34b/c was observed in more advanced tumors and associated with poor prognosis.
3) The expression of miR-34 family was not associated with TP53 mutational status although pathway analysis showed association between miR-34 expression and TP53 transcriptional activity. 4) The expression of miR-34b and -34c were increased significantly in stromal tissues compared with epitheliums. In colorectal cancer, prior studies have focused on a tumor suppressive function for miR-34 family as shown in many kinds of malignancy [9] . In vitro experiments have demonstrated that ectopic expression of miR-34a into human colon cancer cell lines induced apoptosis, senescence and inhibited migration and invasion by targeting E2F, SIRT1 and Fra-1 [24] [25] [26] . Considering the tumor suppressive function of miR-34 as shown previously, we had expected that miR-34 family was suppressed in human colon cancer and decreased expression was associated with poor prognosis when we started the present study. Previously, Roy et al. demonstrated that the expression of miR-34a and miR-34c were down-regulated in colon cancer specimens compared to adjacent colonic mucosa in small number expression analysis (n = 10) [27] . Contrary to our expectation, all miR-34 family members were increased significantly in colon cancer tissues compared with adjacent normal tissues, and increased miR-34b/c was associated with poor prognosis. As a matter of fact, the present data is consistent with several recent reports analyzing miR-34 expression and its prognostic value. MiR-34 family members have been found to increase in colorectal cancer [28] , gastric cancer [29] , renal cell carcinoma [30, 31] , lung squamous cell carcinoma [32] and pediatric leukemia [33] . In addition, Wang et al. demonstrated that the miR-34a expression was higher in rectal cancer having more advanced TNM stage [28] , and Svoboda et al. demonstrated that miR-34b up-regulation was associated with poor prognosis in triple-negative (ER-, PgR-, HER2-) breast cancer patients [34] . The fact that miR-34 family is up-regulated in human cancer and its up-regulation is associated with poor prognosis, seems to be conflicted with tumor suppressive role of miR-34 demonstrated in previous reports.
On the basis of these findings, we analyzed epithelial and stromal expression of miR-34 separately using laser microdissection technique to examine if cancer cells express miR-34. Interestingly, all miR-34 family members, especially miR-34b and -34c, were increased in stromal tissues compared with epithelium. In addition, the expression levels of miR-34 seemed to be the highest in cancer stromal tissues. These findings suggest that colon cancer stroma is mainly responsible for increased miR-34b/c expression, which were associated with advanced TNM stage and poor prognosis. However, the reason for the up-regulation of miR-34 in stromal tissue is still unclear. Nishida et al. demonstrated that several miRNAs were significantly altered in cancer stroma, suggesting an important role of stromal miRNAs in cancer progression [23] . Stromal tissues consist of inflammatory cells, immunocompetent cells, endothelial cells and fibroblasts. One possible explanation of our findings is that miR-34 up-regulation in stromal tissues might reflect inflammation of tumor tissues, as it is well known that inflammation contributes to the development of cancer, including colon cancer [35] . Mathe et al. demonstrated that mice treated with C. parvum, to induce inflammation, showed significant increase of miR-21, miR-29b and miR-34a/b/c expression in the spleen [36] . Taken together, the fact that miR-34b/c was increased in cancer stromal tissues, especially in more advanced colon cancer, might be associated with inflammation contributing to cancer progression. In a recent study, Bu et al. have demonstrated that miR-34a regulated bimodal switch targets Notch in colon cancer stem cells [37] . The finding may demonstrate one more possibility that different level of miR-34 expression could be significant for miR-34-mediated interaction between human colon cancer and stroma.
In the present study, we demonstrated conflicting findings. As shown in Fig 3, the expression of miR-34 family was not associated with TP53 mutational status. However, Ingenuity Pathway Analysis demonstrated that Increased expression of miR-34a/b/c was associated with active transcriptional activity of TP53 (Table 2, S2 Table, S3 Table) .
Although it has been well known that miR-34 was direct target of p53, a recent study demonstrated that mouse models that contain deletions for miR-34a, miR-34b and miR-34c still retain p53 function and the expression of these microRNAs is largely independent of p53 status [38] . In general, cancer stromal tissues are considered to harbor wild-type p53 regardless of p53 mutational status of cancer tissues. Considering the fact that miR-34 was expressed in stromal tissues predominantly, miR-34 detected in macro-dissected cancer tissues seems to be mainly regulated by cancer stromal tissues harboring wild-type p53. That may be a plausible explanation that the expression of miR-34 family was not associated with TP53 mutational status of cancer.
Conclusions
In conclusion, we showed novel aspects of miR-34 family in human colon cancer. The demonstrated findings imply that increased miR-34 in stromal tissues may have important roles in colon cancer progression. Further analysis is needed to clarify the function and miR-34-mediated interaction between human colon cancer and stroma.
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